Abstract-One of the major problems of molecular biology is studying the underlying principles of chromatin work. This problem is associated with understanding the processes of epigenetic regulation of gene expres sion, DNA repair, and heredity mechanisms. The basic unit of chromatin organization is the nucleosome, which consists of DNA and histone proteins. For a long time, the nucleosome structure obtained by X ray crystallography was considered as the ultimate and main conformational state of nucleosomes; however, more and more experimental data indicate that chromatin functions depend on the conformational polymor phism and dynamics of nucleosomes. Nevertheless, there is no detailed understanding of the conformational dynamics of nucleosomes at the atomistic level. In this study, we have addressed this problem using molecular dynamics simulations of the nucleosome in an explicit solvent. We have investigated the dynamics of the nucleosome on a 500 ns time interval, performed covariance analysis of the trajectory of molecular dynamics of the system with subsequent analysis of the derived collective motions, studied the distribution of water mol ecules in the system, and assumed the role of intranucleosomal water.
Genetic information, encoded as a nucleotide sequence in a linear DNA molecule, whose total length in an unfolded state may reach several meters, is located in eukaryotic cells in a very limited spacethe cell nucleus, whose size does not exceed 10 μm. The compaction of DNA molecules in couple with a simultaneous access of protein factors to the required genome region, and a complex regulation of this access are the main functions of chromatin. The most important processes at the first step of DNA compac tion are the interaction of DNA with histones and the formation of nucleosomes. Understanding the struc ture and organization of interactions in nucleosomes is an important step in studying the chromatin structure and dynamics.
To describe the chromatin structure, the following terms are commonly used. The nucleosome core par ticle is a set of eight histones and a nucleotide sequence 145-147 bp long. The term "nucleosome" is commonly understood as the nucleosome core parti cle together with the DNA fragments connecting neighboring nucleosomes. The nucleosome contain ing histone H1 is called the chromatosome. Hereinaf ter, the terms "nucleosome" and "nucleosome core particle" should be considered synonymous.
The structure of nucleosomes, long after their dis covery in 1974 by R. Kornberg [1] , remained unclear. Many models, from those close to the modern ideas up to quite extravagant, were constructed. The debates regarding the nucleosome structure continued until 1997, when the first structure of the nucleosome was determined using X ray crystallography with a nearly atomic resolution [2] . The nucleosome is an octamer of histone proteins carrying 145-147 base pairs. DNA is wound around the octamer forming 1.65 turns of a left handed superhelix; i.e., DNA is negatively super coiled. The protein core of the nucleosome forms a cylinder 65 Å in diameter and 60 Å in height. A char acteristic feature of the nucleosome is the presence of a pseudosymmetry axis (dyadic axis). The core of the nucleosome comprises histones of four families (H3, H4, H2A, and H2B); each histone is represented twice. The eight histones of the nucleosomes are assembled in four heterodimers: two H3-H4 and two H2A-H2B. Each histone family includes many his tone variants, despite the fact that histones are among the most conserved proteins on par with the ribosomal proteins. For example, the nuclei of Arabidopsis arenosa cells contain 13 variants of H2A, 11 variants of H2B, nine variants of H3, and one variant of H4. The same histone form is often encoded by several genes [3] located in the so called histone clusters.
There are 14 binding sites per 145-147 bp of DNA located on the histone octamer. The contacts between DNA and histones are ensued mainly by the phos phodiester groups of the sugar phosphate backbone; therefore, the formation of contacts does not directly depend on the sequence. The assembly of nucleo somes in a living cell occurs by means of a complex system of chaperone proteins [4] , which also can be specific for different histone variants.
The nucleosome is a mobile structure that performs both high frequency thermal motions and undergoes large scale conformational rearrangements. Based on the distribution of B factors in the crystal structures, it should be noted that the mobility of DNA is much higher than the mobility of the protein component of nucleosomes. At the same time, the arginine residues located in the minor grooves of DNA prevent the slid ing of the DNA helix on histones, thereby limiting its mobility [5] . The large scale mobility of nucleosomes is divided into the "breathing," DNA unwinding, and gapping [6] . The first two types of conformational mobility describe the partial dissociation of DNA from the histones, and "breathing" means symmetrical unwinding of DNA. These movements potentially facilitate the entry of polymerases into the nucleo some, and they were demonstrated experimentally [7] . It is known that the unwinding and "breathing" of nucleosomes in the presence of the chromatin rear rangement factor FACT (FAcilitates Chromatin Tran scription) leads to the stabilization of the "opened" states, thereby increasing the availability of nucleo somes to polymerases [8] . The third motion, gapping, was predicted theoretically. It is believed that this type of motion may be involved in the determination of the package density of the 30 nm fibril during the collec tive motion of all nucleosomes [9] .
Understanding the principles of chromatin func tioning is the next big challenge of molecular biology, comparable to the whole genome sequencing. At the nucleosomal level, a large number of different mecha nisms of the regulation of gene expression are realized. One of such mechanisms is the so called nucleosomal barrier [10] . Upon approaching RNA polymerase, the nucleosome must undergo conformational changes to make the DNA accessible. In particular, there are mutations (SIN mutants) that facilitate transcription [11] . Different sequences have different affinity for histones and modulate the probability of the passage of polymerase.
The study of intermolecular interactions on the atomistic level and the understanding of the energy of these interactions and their functional significance is one of the main tasks of molecular biology. Currently the methods of structural and dynamic computer sim ulations are used on par with the conventional experi mental methods (including X ray crystallography, FRET, and ChlP Seq, various methods of analysis of transcription rate, etc.). In particular, the method of molecular dynamics is considered as a peculiar "com putational microscope" [12] . The molecular dynamics (MD) makes it possible to construct a dynamic model and study its motions and conformational changes on the basis of "frozen" structures of biological macro molecules, obtained by X ray crystallography. Crystal lographic methods are characterized by certain inac curacies associated with the tight packaging and selec tion of conformers that are compatible with this packaging. It should also be noted that MD allows solving tasks, such as the study of the distribution of ions and water around biomolecules, which can barely be solved by the crystallographic methods.
In this regard, the main objective of this work was to study the structural and dynamic characteristics of nucleosomes by computer simulation and to assess the role of solvent in forming the nucleosome structure.
MATERIALS AND METHODS
The study was performed using the force field AMBER99SB BSC0 [13, 14] . The model was created on the basis of the crystal structure retrieved from the PDB bank with the index 1KH5 [15] . Mobile histone "tails" were removed from nucleosomes according to the positions taken from [16] ; the manganese ions were replaced with the magnesium ions. We used rect angular calculation cells, whose size was selected so that the minimum distance from the nucleosome to one of the faces of the cell was not less than 1 nm. All free space was filled with water molecules, which were simulated using the TIP3P model. Sodium and chlo rine ions were used at a concentration of 150 mM. The concentration of ions was calculated as the number of ions to the volume of the solvent rather than to the vol ume of the calculation cell. This method was used since, due to the small size of the simulated system, the molecule itself occupies a substantial volume of the cell. The unit cell volume was 2100 nm 3 .
The dynamics trajectories were calculated with an integration step of 2 fs. To prevent excessive motion of nucleosomes in the space, an additional harmonic potential was imposed on Cα atoms of amino acids in histone H3, which returned them to their original position. To prevent the boundary effects, the periodic boundary conditions were used. The electrostatic interactions were taken into account using the PME method [17] with a grid spacing of 1 Å, a cut off radius of interactions in the direct space of 1 nm, and a cubic interpolation. To take into account the van der Waals interactions, we used a cutoff radius of 1 nm with a smooth lining of the potential of the cutting boundary. The temperature in the simulation cell was maintained with a modified Berendsen thermostat with a stochas tic addition [18] ; water and macromolecules were thermostatted separately. An isotropic Parrinello Rahman barostat was used [19] . The large scale corre lated motions of nucleosomes were studied using the analysis of covariance and the method for calculating the smallest root mean square deviation (RMSD) of the structure by the trajectory. The calculations were performed using Gromacs 4.5.4 software package [20] at the supercomputer complex of Moscow State Uni versity [21] using 64 to 1024 processors. The trajecto ries were processed using the built in utilities in the Gromacs package and our own executable files written in Python and TCL on computer clusters of the Depart ment of Bioengineering. The trajectories and models were visualized using VMD 1.9.1 software [22] .
RESULTS AND DISCUSSION
Simulation for 500 ns showed that the system in general only slightly changed its shape. The mobility of DNA was significantly higher that the mobility of histones, which coincides with the experimental data. The set of conformations taken by the nucleosome during the MD simulation is shown in the figure. The distribution of calculated B factors along the DNA sequence was similar to the distribution in the crystal structure; however, the mobility of DNA in the calcu lation system was much higher, because the simulation was performed at a temperature of 300 K, whereas the crystal is in the cryogenic temperature range. B fac tors for the atoms in the system were calculated by the formula B = π 2 〈u 2 〉, where 〈u 2 〉 is the standard devia tion of atomic coordinates. In addition, the inhomo geneous distribution of B factors along DNA was shown, which was associated with a greater mobility and the unwinding of DNA in the vicinity of the sites of entry into the nucleosome.
Due to the high DNA mobility, the number of con tacts formed by DNA with histones constantly changes and, on average, differs from the number of contacts in the crystal structure. The most notable dif ferences were observed in position +15 to +35 from the entry into the nucleosome. The DNA conforma tion in the crystal structure is stressed and reaches equilibrium in the course of MD simulation.
It is also worth mentioning that, in the crystal structure, some DNA sites between the contacts are not bound to histones. The number of such sites in a structure averaged by trajectory is smaller and the sites themselves are shorter. Thus, the crystal structure used to construct a model of DNA binding to histones does not completely reproduce the contribution of each base pair to the nucleosome formation.
The analysis of covariance of atomic motions dur ing the MD simulation, performed by the protein backbone of histones and the DNA backbone, revealed a set of large scale motions in the nucleo some. The eigenvector with the largest amplitude, obtained by the covariance analysis, can be catego rized as the gapping motion of the nucleosome. The authors of [9] obtained the open state of the nucleo some artificially, by fixing the contact of histones H3-H3 as a "hinge" and introducing an additional poten tial to open the "hinge". The amount of energy required to open the nucleosome (30 kcal/mol) is too high for a spontaneous opening of nucleosomes. How ever, it is believed that such motion is possible if a whole chain of nucleosomes undergoes a collective transition [9] . The discovery of this motion mode in the free dynamics trajectory suggests that the motions that lead to the nucleosome opening are possible, but, judging by their small amplitude, are unlikely without external forces contributing to a conformational tran sition. Possible functional significance of the gapping motion of nucleosomes is not known unambiguously. Presumably, it can play a certain role in the compac tion of the 30 nm fibril [9] . It is very likely that nucleo somes can open as a result of interaction of RNA poly merase II with the second DNA loop. The energy that is required to open the nucleosome includes the energy of hydration of nonpolar adjacent areas in his tones H2A-H2B and the strain energy of the DNA superhelix. Thus, nucleosomes with the histone vari ants containing other amino acid residues in the con tact position may differ in the probability of opening, which may lead to the lengthening or shortening of the pause during the passage of RNA polymerase.
The observed motion proceeds with a frequency that is fairly low for simulation; during 500 ns the sys tem undergoes such movements only once. This indi cates that the simulation time was not sufficient to detect all modes of motions. A significant increase in the simulation time cannot be achieved by increasing the number of computing nodes of the current archi tecture, because the increase in the performance of the system is strongly limited by the bus communication between nodes. The simulation time can be increased by using computers designed specifically for solving the problems of molecular dynamics, such as the Anton computer [23] or to use coarsened models of the solvent or nucleosomes themselves.
Despite the stability of nucleosomes and the dense packaging of histones into dimers, the histone octamer is packed loosely and contains a large number of water molecules that form peculiar water "bridges" in the nucleosome. The number of water molecules in nucleosomes varies significantly over the simulation time and exceeds the number of water molecules in the crystal structure. The greatest quantitative changes are characteristic of the water molecules located in the nucleosome pore, whereas the number of water mole cules located in the vicinity of the contacts between the dimers and histones remains unchanged. The smallest number of water molecules (on average, 63) is characteristic of the contact of the dimers of histones H3-H4, which form the tetramer-the nucleosome core-whereas the other contacts of dimers contain approximately the same number of water molecules (approximately 100). A larger number of water mole cules at the site of interaction of histone dimers is indicative of a less tight contact, which is consistent with the experimental data, because histones H2A-H2B are removed from nucleosomes most easily.
The presence in the nucleosome of a large number of water molecules between histones makes it perme able to monovalent ions, enabling them to effectively shield the charged groups of histones and DNA. Most likely, water in the nucleosome pore serves to reduce the strength of charge interactions between histones that bear a significant positive charge due to an increased dielectric constant. In addition, water in the nucleosome pore allows ions to freely penetrate the nucleosome and shield the charges on the surface of histones.
In summary, the following conclusions can be made. The nucleosome structure is generally stable in the time intervals on the order of 500 ns. Among the large scale collective motions, the motion mode can be distinguished when two DNA supercoils (at the intersection with the dyad axis of the nucleosome) and the histone region bound to them approach and move away from each other. This motion mode is potentially associated with the processes of transcription passage and dense chromatin compaction. The nucleosome contains a large number of water molecules: the nucleosome pore contains, on average, 178 water mol ecules, and the number of water molecules near the contacts of histone dimers ranges from 62 to 105. The formation of a contact between two dimers of histones H4-H3 requires a smaller number of water molecules (62) than the formation of a similar contact between dimers H3-H4 and H2A-H2B (102-105).
